INTRODUCTION
Extreme sea levels (ESL) can have devastating effects on life and infrastructure in the coastal zone and the impact of these events may increase due to continued population growth and development in this zone. Therefore, long-term predictions of changes in ESL are of vital importance to aid coastal engineering, management, planning and policy.
In a quasi-global assessment, Menendez and Woodworth (2010) showed that ESL have increased over the 20 th century at most locations around the world. They also showed that this increase was primarily a direct result of increases in mean sea level (MSL) over this period. However, the simplicity of this conclusion belies the fact that many mechanisms act on the three main components of sea level (MSL, tide and the non-tidal residual). In addition, the findings of a number of local and regional scale studies that have observed significant changes in both tides and storm surges, which appears to contradict these findings. For example, changes in storm surge, the predominant cause of non-tidal residual, have been shown to significantly change in the Mediterranean (Lionello et al., 2005; Raicich, 2004; Ullmann et al., 2007) , the North Sea (Mudersbach et al., 2013) and the north-east Pacific (Cayan et al., 2008; Abeysirigunawardena and Walker, 2008) .
In this paper however, the focuse is on long term changes in the tidal component. The tide propagates as a shallow water wave with speed , where h is the water depth and g is the acceleration due to gravity. Therefore changes in the tidal component can occur with changes in water depth, even though the astronomical forces driving tides remain constant. Modelling studies have suggested that a 1 m change in MSL could lead to a 1-2% increase in tidal range due to changes in the propagation speed of the tidal wave (Muller et al., 2011) . However modelling studies in the North Sea have shown that large changes in water depth are required to change tidal characteristics significantly (Flather et al., 2001; Pickering et al., 2012 ). Eustatic or isostatic sea level change can indirectly change tides by changing the resonance of a basin to particular tidal frequencies. Changes in resonant periods have been the suggested cause of observed increases in the amplitude of the M 2 tide in the Gulf of Maine and along the north-east American coast, as well as a larger decrease, of up to 10% per century, in the S 2 tide (Ray, 2006; Ray 2009 ). However, along the Pacific coast of North and South America increases in amplitude of both the M 2 and K 1 tides north of 18°N increased by 2.2% per century. The spatial extent of consistent trends suggests the influence of large scale processes, while consistent spatial patterns of the M 2 and K 1 tides excludes mechanisms with a strong frequency dependence (Jay, 2009 ). Large regional changes have not been observed in Europe or the Far East, although there is evidence of smaller regionally consistent changes in the M 2 and S 2 constituents in the German bight (Woodworth, 2010) . The smaller regional patterns have been attributed to the movement of the local amphidromic point, due to changes in wave propagation and energy dissipation due to friction changes (Pickering et al., 2012) .
Changes in mean tidal range (MTR), calculated from high waters (HW) and low waters (LW), have been observed at many sites around the United Kingdom (Woodworth et al., 1991) , in the German Bight, (Führböter et al., 1990) , and at many sites around the United States (Flick et al., 2003) . However, the regional trends seen in individual constituents are not always present in these studies which assess the whole tidal signal. A number of local scale mechanisms appear to be causing these changes, Impacts of extreme sea levels are increasing as the population and infrastructure in coastal zones increases. Extreme high sea levels generally increased at a similar rate to mean sea level through the twentieth century at most sites around the world, suggesting that the same mechanisms are driving both increases. However, the simplicity of this conclusion belies the fact that many mechanisms known to act on the different components of sea level, have been observed to change in local and regional studies. Using a 'quasi-global' dataset of sea level records, this paper investigates changes in the tidal component of sea level and shows that changes in mean high and low waters, and hence tidal range, are occurring over long-time scales at many sites around the world. Over half of the selected sites show significant trends in tidal range datums, but no clear spatial patterns of change exist, suggesting that mechanisms are affecting the tide on local scales. Trends are dependent on the tidal datum selected which has wide-ranging practical applications given the variety of uses of tidal datums. including bathymetric changes. These changes occurring in coastal waters, harbours or estuaries include: natural changes such as vertical land movements, natural accretion and erosion in river deltas (Araújo et al., 2008) ; or anthropogenic causes caused by dredging of a navigation channel or creation of a sea wall, which are usually easier to assign if accurate port histories are kept (Woodworth et al., 1991) . Other processes that can cause tidal variations are: sea ice cover (St. Laurent et al., 2008) ; and water column stratification, which modifies vertical viscosity and bottom friction (Muller, 2012) and has been shown to cause changes of up to 10% between seasons, in the M 2 tide in the East China Sea (Kang et al., 2002) . Both of these are likely to change with global warming and influence tides on local to regional scales. These studies demonstrate that changes in the tides are widespread and large enough to be considered an important factor during investigation of sea level rise (Woodworth et al., 1991) and in the calculation of ESL.
ADDITIONAL INDEX WORDS:
This study will address to key questions: First, do changes in the tide occur globally? Second, are trends and spatial patterns in observed tidal data significantly different from those of the major tidal constituents?
DATA & METHODS
The 'quasi-global' Global Extreme Sea Level Analysis (GESLA) dataset was used here. This dataset was complied by staff from the Permanent Service for Mean Sea Level (PSMSL) in the UK, the Antarctic Climate & Ecosystems Cooperative Research Centre (ACE CRC) in Australia and the University of Hawaii Sea Level Center (UHSLC). It contained 675 individual sea level records from 450 unique locations around the world.
The initial task of the study was to extend the datasets, from 2004, to the end of 2012, where possible. Data were downloaded from the websites of the UHSLC for global sites, the British Oceanographic Data Centre (BODC) for UK sites, the National Oceanic and Atmospheric Administration (NOAA) for US sites, Marine Environmental Data Service (MEDS) for Canadian sites and Bureau of Meteorology (BOM) for Australian sites. Since the quality control (QC) procedures of the different governmental bodies varied, further data checks were conducted on all sites and at all stages of analysis, to standardised the QC and ensure data quality. Comparisons were conducted where different datasets were to be concatenated or consolidated, such as where duplicate datasets existed in the inherited GESLA dataset or with the extension of datasets. QC was conducted after harmonic analysis with a particular focus on: datum shifts, phase shifts and outliers. Further checks were carried out throughout the analysis and where data were deemed invalid they were removed.
A preliminary set of sites were selected, giving a near-global coverage, to assess global patterns, while also generating a region of high data density around the United Kingdom to assess regional patterns.. The data requirements for tidal analysis are strict, since events ranging from hours (e.g. tropical storm surges, tidal high water), to decades (e.g. the lunar nodal cycle) must be captured and accurately resolved. The following requirements were imposed on the selected sites: 1. Data must be of research quality. Data downloaded from various websites have been through quality control (QC) procedures, but further checks were conducted to remove any remaining erroneous data; 2. Data must be hourly to capture the variations in tide; 3. Each year of data must contain at least 75% of potential hourly values. Seasonal cycles influence the tide so a high percentage of data is required for each year to be accurately represented; 4. The dataset must span at least 28 years and contain 15 years of data that conform to requirement 3 within that period (Woodworth et al., 1991) . This allows representation of interdecadal variations in tide, such as the lunar nodal cycle. In total 38 sites passed the selection criteria and are used for analysis in this paper.
Tidal Analysis
The measured data was separated into the three main component parts. MSL was calculated using a 30-day running mean. With this removed, the remaining data (tide and residual) were separated into calendar years and run through the harmonic analysis software T_Tide (Pawlowicz et al., 2002) . Annual analysis means important long constituents, such as the nodal cycle, are not removed and hence are accounted for later in the analysis.
From the tide component, every HW and LW was extracted by locating the turning points of the tide. An initial automated extraction was checked manually to ensure they were correctly located and assigned. The tidal datums used to classify the tide were calculated from a number of different subsets of HW and LW (Table 1; Figure 1 ). The spring/neap periods were calculated using the highest HW of successive 14 day periods, and then splitting the time into quarters between each set of consecutive highest HW. Spring period is therefore the quartile before (Q4) and the quartile after (Q1) a highest HW, while the neap period is Q2 and Q3. (Figure 1) 
RESULTS
The magnitude of the trend in tidal datums varies from 1.7 mmyr -1 in STR at North Shields, UK to -1.5 mmyr -1 in MTR at Fishguard, UK (Figure 2) . The greatest contribution to tidal range from a HW tidal datum is the 1.2 mmyr -1 in MHWS at Heysham, UK, while the greatest increase from a LW tidal datum is the -1.0 mmyr -1 change in MLWS at Stornoway, UK. Large trends in range, HW and LW are not limited to the UK however, with large significant increases in tidal range datums at Cananeia, Brazil, and significant decreases in tidal range datums at Fort Denison, Australia amongst others. Large changes occur at sites with small tidal ranges, such as Fremantle, as well as large tidal range, such as Fishguard.
Variation between the different tidal datums is evident at all selected sites ( The spatial analysis focuses on the tidal datum GDTR, and its Table 1 ). Stacked bar charts show the contribution towards the tidal range datum trend of changes in the respective HW subsets (blue) and LW subsets (red). For example, at Fishguard the contribution toward STR from HW is negative (i.e. trend in MHWS is negative) while the contribution from LW is negative (i.e. positive trend in MLWS). Mawdsley et al. corresponding HW and LW tidal datums, MHHW and MLLW (defined in Table 1 ). GDTR provides spatial and temporal continuity in its sampling of HW and LW between semi-diurnal or diurnal tidal regimes. However, the trends in GDTR vary from other datums and therefore values presented in Figure 3 and 4 should not be applied to other tidal datums.. Global patterns are not clear in the data, with roughly equal numbers of positive, negative and non-significant trends (Table 2; Figure 3 ). Regional patterns are also unclear. Some regions display some consistency, such as negative trends in GDTR around the US, or negative trends in MLLW around Japan (Figure 3 ), but data density is not sufficient to resolve this accurately. Globally, trends in GDTR and MHHW are almost identical, because of the direct relationship of a change in MHHW on GDTR, while most sites also had a corresponding trend with the opposite sign in MLLW. Trends in GDTR, MHHW and MLLW around the UK show considerable spatial variability (Figure 4 ), but with no regional spatial pattern. GDTR trends around the UK are significantly positive at 4 sites, significantly negative at three sites nonsignificant at 2. While the significance of trends in GDTR and MHHW follow the global pattern and are virtually identical, the corresponding trends in MLLW around the UK were not all reversed as with most sites around the world (Figure 4) . These deviations at Dover, Heysham and North Shields imply a more complex solution than just an increased in the amplitude of the tide.
DISCUSSION
Large changes in tide occur around the world, with variations in observed tidal datums seen at sites not previously reported, such as Cananeia, Brazil and Simon's Town, South Africa. The magnitude of trends exceeded 1 mmyr -1 at a number of sites, which is of similiar magnitude to the rate of MSL rise observed over the 20th century. This coupled with the fact that over half of the selected sites had significant trends in 9 out of 15 tidal datums including GDTR, MTR and STR, shows that studying changes in the observed tide is vitally important for ESL calculations. However, no spatially coherent pattern was observed globally (Figure 3 ) or even regionally around the UK (Figure 4 ). Previous studies that used individual tidal constituents observed regional patterns around the eastern North Sea (Woodworth, 2010) , the Atlantic coast of North America (Ray, 2009 ) and the Pacific coast of North and South America north of 18°N (Jay, 2009) . While these previous studies show that there are mechanisms acting on regional scales this research indicates that the observed tide, composed of many tidal constituents, has additional influences effecting it. It is not possible to determine the active mechanisms in this preliminary set of selected sites, but the global coverage and increased data density provided by the 250-300 sites that will be included in the final study will allow better examination of the mechanisms.
These mechanisms may be indirect effects of changing MSL such as: the changing resonance of ocean basins, suggested previously Ray, 2006) , which would cause a change in specific near resonant constituents; or a shift in amphidromic points due to a change in the propagation of the tidal wave, which would vary observed tidal range parameters. Alternatively, morphological change may be the cause creating very localised impacts (Araújo et al., 2008) . Comparing different sites and different representations of the tide (i.e. constituents, tidal datums), combined with the construction of simple numerical models of the response of a basin to MSL change may help to determine the mechanism(s) causing the observed changes.
Their many practical applications mean that all tidal datums are of interest and not just GDTR and MTR, along with their respective HW datums previously used. This study shows that at a small number of sites significant differences exist between different tidal datums, and that the magnitude of significant trends in tidal range, HW or LW depend on the choice of tidal datum. The differences occur due to the different subsets of HW and LW used in their calculations, which has important consequences in the calculation of ESL. There is a greater probability of ESL during spring tides because the increased tide component reduces the magntiude of storm surge needed to exceed a given threshold. Increases in MHWS therefore lead to an increase in likelihood of exceedence at the times of high water. Conversely, large increases in MHWN, will generally have little impact on the magnitude (PCTMSL, 2013) , but this research shows that this cannot be universally assumed. Many sources state that certain tidal datums should only be used to characterise the tide in a particular tidal regime (Parker, 2007; PCTMSL, 2013) . This report has however shown that using these different subsets of HW or LW provide a different interpretation of how the tide is changing and therefore, all tidal datums should be included in the analysis at all sites. While HW tidal datums are of most interest to this study, since high ESL have the most devastating impact on the coastal zone, the results demonstrate that understanding changes in the LW tidal datums important as well. The large changes observed at many sites will be of particular interest in legal matters, since many international, national and jurisdictional boundaries are determined by MLLW or LAT.
CONCLUSION
Using observed tidal data this paper showed that significant changes in tidal datums occur at sites around the world including regions, such as Brazil and South Africa that have not been reported in previous studies. In 9 out of 15 tidal datums assessed, over 50% of the selected sites had significant trends, and the magnitude of some trends was similar to global trends observed in MSL, up to 1.7 mmyr -1 . Global or regional scale patterns are not evident, in contrasts to previous studies that have analysed individual tidal constituents. The mechanisms driving changes appears therefore not to be a global response to MSL increase, but more likely a dominant local affect in response to increases in MSL or changes in local morphology.
It has been shown that the selection of tidal datum is important. This study shows for the first time that at a small number of sites significant differences exist between different tidal datums, and that at many more the magnitude of significant trends in range, HW or LW depend on the choice of tidal datum. All the tidal datums present values for average tidal range, HW or LW, but the considerable variations between them is due to the different subsets of HW and LW for each use in their calculations. These differences show the tidal datums should not be used interchangeably and that given the number tidal datums that are used for practical applications, one tidal datum cannot be assumed relative to another without site-specific study.
Understanding changes in this component is clearly important in investigating ESL. This is only a preliminary analysis and further assessment is underway on a more extensive dataset. This is crucial to determination of spatial patterns of long-term change in tidal datums because only with a global coverage coupled with data dense regions will it be possible to determine the mechanisms changing the tide.
